Abstract: Objective It has been reported that B-cell lymphoma 2 (Bcl-2) enhances neurogenesis as well as supporting axonal growth after injury. In the present study, we investigated whether Bcl-2 overexpression plays a role in the formation of newborn striatonigral projection neurons in the adult rat brain after transient middle cerebral artery occlusion (MCAO). Methods We infused human Bcl-2-expressing plasmid (pBcl-2) into the lateral ventricle immediately after 30 min of MCAO, injected 5'-bromodeoxyuridine (BrdU) intraperitoneally to label proliferative cells, and microinjected fluorogold (FG) into the substantia nigra at 11 weeks of reperfusion followed by multiple immunostaining of striatonigral projection neurons at 12 weeks. Results We found that pBcl-2 treatment significantly increased the number of newborn neurons (BrdU + -NeuN + ) in the striatum ipsilateral to the MCAO. We further detected newborn striatonigral projection neurons (BrdU + -FG + -NeuN + ) in the ipsilateral striatum at 12 weeks. More interestingly, the number of newborn striatonigral projection neurons (BrdU + -FG + ) was significantly increased by pBcl-2 treatment compared to that by pEGFP, a control plasmid. Conclusion Taken together, we found that Bcl-2 overexpression in the brain enhanced the generation of newborn striatonigral projection neurons. This provides a potential strategy for promoting the reestablishment of neural networks and brain repair after ischemic injury.
Introduction
It is well documented that neurogenesis occurs in special areas of the adult mammalian brain throughout life.
These areas include the subventricular zone (SVZ) of the lateral ventricle and the subgranular zone of the hippocampal dentate gyrus [1] [2] [3] . Following pathological injury, such as stroke, neuroblasts in the SVZ can migrate into areas which are not normally neurogenic, e.g. the striatum and cerebral cortex [4] , and replace injured neurons [5] . Moreover, newly-generated striatal neurons induced by ischemia can be morphologically and functionally integrated into local neural networks with pre-existing neurons in the young adult [6] and aged rat brain [7] . Recently, we have interestingly found that those new striatal neurons can form long projections to the substantia nigra (one of the target regions for striatal projection neurons [6] ) in the adult brain after MCAO [8] . These findings raise the possibility that neuronal replacement by neurons from endogenous neurogenesis could be a great help for restoring brain function after stroke. However, a major barrier blocking endogenous neurogenesis as a potential strategy for cell replacement is that almost 80% of newborn neurons in the adult brain injured by ischemia undergo apoptosis and only a very small fraction survive for a long time [5, 9] .
To overcome the blockade, several groups have investigated growth factors and found that the anti-apoptotic factor B-cell lymphoma 2 (Bcl-2) enhances neurogenesis and prevents the apoptotic death of new neurons in the adult brain [9] [10] [11] [12] [13] [14] . Bcl-2, a member of the Bcl-2 family [15, 16] ,
is an inhibitory regulator of apoptosis in the brain after ischemic and traumatic injury. It is highly expressed in the embryonic and developing mammalian brain [17, 18] . In normal adult brain, Bcl-2 expression is restricted to the progenitor-rich regions [19] . Functional analysis showed that overexpression of Bcl-2 in the ischemic brain reduces the apoptosis of newborn neurons and significantly increases the number of newborn neurons that become mature in the striatum of adult rat by inhibiting BMP-4 function via activation of β-catenin signaling [9, 20] . In addition, Bcl-2 overexpression enhances retinal axon regeneration after transection of the optic tract [21] and axonal growth from transplanted fetal dopaminergic neurons in the striatum of rats [22] . In contrast, Bcl-2 deficiency attenuates axon extension from cultured sensory neurons [23] . Collectively, it seems that Bcl-2 plays a beneficial role in neurite growth in the adult brain. [24, 25] . Rats with physiological variables in the normal range were subjected to transient focal cerebral ischemia induced by left MCAO as previously described [9, 11] . Briefly, a 4-0 nylon monofilament suture was gently advanced into the internal carotid artery for ~22 mm from the common carotid artery bifurcation to occlude MCA blood flow. During the process of ischemia, a laser Doppler perfusion monitor (Periflux System 5000, Terimed AB, Sweden) was used to measure blood flow in the trunk of the MCA. A blood flow <20% of baseline denoted successful blockage of the MCA. After 30 min of occlusion, the suture was withdrawn and blood flow was restored.
Rats were then subjected to plasmid injection. [26] . After recovering from anesthesia, rats were returned to their cages and given ad libitum access to food and water. based on a previously-described protocol [5, 9, 11, 12] to label proliferating cells. BrdU incorporation was revealed by immunohistochemical or immunofluorescent staining as described below. mm, ML -2.5 mm, DV -8.0 mm) [26] . Seven days after FG injection, the animals were sacrificed and the brains were removed for sectioning. FG was directly detected under a microscope with ultra-violet fluorescence epi-illumination or revealed by further immunostaining. were used for quantification. in MCAO+pEGFP and MCAO+pBcl-2 groups) [8, 11, 12] . All values are expressed as mean ± standard error of the mean (SEM). One-way ANOVA followed by Student's t-test was used for each evaluation. Statistically significant difference was set at P <0.05.
Plasmid administration

FG administration
Immunoblotting
Immunohistochemical staining
Results
Formation of newly-generated striatonigral projection neurons in adult rat brain after transient MCAO
One week after nigral microinjection (Fig. 1A) , we detected strong FG signals in the substantia nigra and striatum as well as the pyramidal layer of the cerebral cortex in the hemisphere ipsilateral to the injection, but not in the contralateral hemisphere (Fig. 1B-F 1G-H), but not with GFAP (Fig. 2C) . These results clearly confirmed that nigral injection of FG can be used to successfully trace striatonigral projection neurons. Then, we applied triple labeling with BrdU-FG-NeuN to identify newborn striatonigral projection neurons in adult rat brains after MCAO (Fig. 2A) .
As we showed previously, at 2 weeks of reperfusion after MCAO, only newborn neurons and pre-existing striatonigral projection neurons were detectable in the ipsilateral striatum [8] . However, we interestingly observed that newborn neurons were further co-stained with FG (BrdU + -NeuN + -FG + cells; Fig. 2A , B) at 12 weeks after MCAO, in accordance with our previous report [8] . were considered to represent newly-generated striatonigral projection neurons in the adult brain after transient MCAO.
Enhancement of newly-generated striatonigral projection neurons by Bcl-2 overexpression in adult rats
after ischemia Bcl-2-expressing plasmid was injected into the lateral ventricle and immunoblotting was used to detect the expression of Bcl-2 protein in the striatum of rats with ischemic injury at 3 days after injection. We detected endogenous Bcl-2 (26-kD band) and exogenously expressed Bcl-2 (EGFP-Bcl-2 fusion protein, 53-kD band) in the pBcl-2 group. However, in the pEGFP control group, only endogenous Bcl-2 was detected (Fig. 3A) . Furthermore, immunostaining showed that the EGFP-positive cells were located along the wall of the lateral ventricle mainly dorsolaterally near the SVZ (Fig. 3C) . However, the EGFP-positive cells were discontinued facing the striatum (Fig. 3D ).
In addition, most of the nestin-positive cells demonstrated a neural stem cell-like pattern in the SVZ away from the ischemic striatum (Fig. 3C) , while astrocyte-like morphology appeared in the periphery of the ischemic striatum (Fig. 3D) , consistent with previous results that nestin is also expressed in active astrocytes in regions close to the ischemic striatum [28] . Most importantly, either nestin-(a marker for neural stem/progenitor cells) or EGFP-positive cells were single-stained. Meanwhile, cells double-stained with EGFP and nestin were detected in the SVZ or striatum close to the infarct core away from the lateral ventricle (Fig. 3C, D) . Our previous study demonstrated that Bcl-2 accelerates the differentiation and maturation of newborn neurons in the ischemic striatum at an early stage of reperfusion after MCAO (2-4 weeks) [9] . In the present study we found that, at 12 weeks after MCAO, the number of , n = 7) (Fig. 4B) . These results suggested that Bcl-2 overexpression not only enhanced 
Discussion
In our study, a rat MCAO stroke model combined with microinjection of pBcl-2 into the lateral ventricle and FG into the substantia nigra was used to reveal the effects FG, a retrograde tracer, is taken up presynaptically and transported retrogradely to the neuronal cell bodies. We therefore injected FG into the ipsilateral substantia nigra to trace its input projection neurons. Consistent with present knowledge [8] , FG signals were detected in the cerebral cortex and striatum ipsilateral to the nigral injection ( Fig.   1D ) and were present in neurons as indicated by doublelabeling with FG and NeuN ( Fig. 1G and H) . Moreover, we also noted that the FG signals were not detected in astrocytes, since no FG was found in GFAP-positive cells (Fig. 2C) , confirming that nigral injection of FG traces the corticonigral and striatonigral projection neurons.
BrdU is incorporated into DNA during the S phase of the cell cycle and into DNA lesion sites during repair.
Because DNA repair occurs mainly within hours and cell proliferation in days after stroke, we injected BrdU at 4-6 days after MCAO to label proliferating cells since it is metabolized in hours after i.p. injection (t 1/2 <2 h) [5, 9, 11, 12] .
Consistent with previous results [11] , we detected newborn/ proliferating neurons and astrocytes in the ischemic striatum as indicated by double-staining of BrdU with NeuN or GFAP (Fig. 2) . Consistent with our previous report [8] , we also found some FG + -NeuN + cells with BrdU + signals in the ipsilateral striatum at 12 weeks of reperfusion after MCAO ( Fig. 2A-B) , but not at 2 weeks [8] , suggesting that new striatal neurons form projections to the substantia nigra. It should be noted that FG was only detected in neurons, not astrocytes ( Figs. 1 and 2 ). Taken together, BrdU
represented newborn striatonigral projection neurons.
Neurogenesis occurs in the striatum after ischemic injury caused by MCAO [11] . Although the majority of newborn striatal neurons in the adult brain are dead two months after stroke [5] , our previous research demonstrated that the living newborn striatal neurons develop neurites with a time-dependent increase in dendrite length and branch number, and further become functionally integrated into local neural networks in the ischemia-injured striatum of adult rat brain [11, 29] . In the present study, we further supported our previous notion [8] Our previous study showed co-localization of Bcl-2 with nestin in the MCAO rat brain and the presence of EGFP-positive cells along the wall of the ventricle as well as in the ipsilateral striatum after injection of plasmids [9] .
In the present study, we further confirmed expression of EGFP-Bcl-2 in the ischemic striatum (Fig. 3A) . We found that exogenous Bcl-2 was efficiently expressed in neural stem/progenitor cells in the SVZ as well as in the injured striatum (Fig. 3C, D 3G, 4B). The exact mechanism of the Bcl-2-enhanced neurogenic effects in the ischemic brain is still unknown, but it seems that Bcl-2 plays neurogenic roles through several pathways. Bcl-2 increases the number of newborn neurons via its protection of newborn and immature neurons against apoptosis [9] and the activation of Wnt/β-catenin signaling pathways [20] . Theoretically, keeping newborn neurons alive is the key step for the further formation of long projections. Besides, in in vitro assays, it has been shown that Bcl-2 accelerates axon growth by increasing neuritogenesis and neural regeneration, which might be associated with activation of intracellular Ca 2+ signaling [30] and increased synthesis of neurofilament proteins [31] . In the present study, we provided the first evidence that overproduction of Bcl-2 in the brain could be beneficial for the development of new striatonigral projections although we still do not know the mechanism.
The substantia nigra and striatum are main components of the basal ganglia, which participate in voluntary motor control, procedural learning, and cognitive and emotional functions. Within the basal ganglia, several neural projection pathways connect the nuclei, including the striatopallidal, striatonigral and nigrostriatal pathways. In previous studies [6, 8] , we found that newborn striatal neurons can generate projections to the nigra, a target region, and express dopamine and glutamate receptors on their membrane. These results provided morphological evidence that newborn striatal neurons can regenerate striatonigral projections and are ready to receive dopaminergic inputs from the nigra and glutamatergic inputs from the cerebral cortex, which are fundamentally important for establishing new neural networks within the basal ganglia of the adult brain after stroke. In the present study, we interestingly found that Bcl-2 overexpression enhanced the generation of new striatonigral projection neurons (Fig. 4) as well as increasing the maturation of newborn striatal neurons (Fig. 3) .
These results will help to develop therapeutic strategies to enhance brain repair after stroke by augmenting adult neurogenesis and neuritogenesis.
